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ABSTRACT: Introduction. Foam-ceramic heat-insulating building materials have the greatest stability of the demanded technologi-
cal characteristics due to their unique physical and technical properties. Increasing the large-capacity production of nanostructured
foam-ceramic products and developing educational programs for advanced training of process engineers remains an urgent task.
Methods and materials. A technological method for manufacturing nanostructured foam ceramics is the method of direct foam-
ing: ceramic foams are created by involving atmospheric air in a suspension. Further, the consolidated foams are carefully dried
and sintered for 12 hours by heat treatment (950-1100°C) to obtain sufficiently high-strength foam ceramics for building purposes.
The most important raw materials for the production of construction foam ceramics are clays, diatomites, siliceous minerals, zeolite
rocks, etc., as well as ceramic and slag waste, and the like. Results. The technology of production of foam-ceramic materials for
building purposes based on clay raw materials has been developed. As a result of physical and chemical transformations in the
production cycle, including firing, uniformly closed micropores of foam ceramics with a diameter of up to 120 microns are formed,
and the wall thickness varies from 1.8 microns to 6.3 microns. The compressive strength of the obtained nanostructured construc-
tion foam-ceramic products with an average density of 450-850 kg/m? is 3-8 MPa, thermal conductivity is 0.12-0.15 W / (m«°C),
frost resistance is at least 50 cycles. Discussion. In large-scale technological production, bubbles mass (three-phase foam) can be
obtained by mixing nanostructured foam with a highly dispersed mineral powder. By controlled sintering, a dried foam mass is
produced with the required technological characteristics due to the crystal bond of a solid-phase mullite based on cluster micropar-
ticles with dimensions of 15-200 nm, and the walls of micropores and nodal joints of nanostructured foam ceramics provide high
mechanical strength, hydrophobicity and chemical resistance. Conclusions. Nanostructured foam ceramics for building purposes is
sufficiently moisture-resistant, since it has a microstructure of closed ultramicropores; it is resistant to chemical and physical effects
and therefore is the optimal thermal insulation material.
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INTRODUCTION are most fully met by highly porous silicate foams: foam
ceramics, cellular concretes, foam glass, foam concrete
based on porous aggregates. Due to the unique physical
and technical characteristics, foam-ceramic heat-insu-

lating building materials and products have the greatest

When construction residential buildings, industrial
modern buildings, one of the important aspects
in the selection of materials is the increased heat and

sound insulation characteristics; therefore, building ma-
terials that simultaneously combine lightness, low thermal
conductivity with sufficient structural strength should be
considered as the most promising for the energy-saving
construction industry. Currently, these requirements

stability of technological parameters: bio-and corrosion-
resistant, durable, fireproof and the like [1—4]. Foam
ceramics in granules as an innovative insulation can be
used in direct contact with cement-containing plasters,
screeds etc. The solution of the problem of increasing
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the large-capacity production of nanostructured foam-
ceramic building materials with the production of a highly
porous microstructure and the development of educa-
tional programs for advanced training of technological
engineers is an urgent task.

The purpose of this article is to consider the features
of the technology for obtaining nanoporous ceramics for
building purposes.

METHODS AND MATERIALS

Foam ceramics is a sintered solid-phase energy-
saving building material with low thermal conductivity
(0.05—0.1 15 W/(m«°C) with closed (insulated) mi-
cropores with diameters from 7 nm to 8 microns. The
necessary microstructure of foam-ceramic products is
obtained by introducing various pore-forming agents,
burn-out additives, porous fillers, etc. into the clay sus-
pension [5—7]. A practical method of manufacturing
nanostructured foam ceramics is a method of direct
foaming: ceramic foams are created by including air in
a suspension or liquid-phase medium. The porosity and
size distribution of closed cellular micropores can be
controlled by changing the viscosity of the ceramic foam
and the foaming technology. Further, in the techno-
logical production, the consolidated foams are carefully
dried and sintered by heat treatment (950—1100°C) for
10—12 hours to obtain high-strength foam ceramics for
building purposes.

The firing rate of foam ceramic products, which results
in a durable and water-resistant mullite, should be con-
trolled to avoid the appearance of defective cracks. Foam-
ing of raw ceramic suspensions includes gas dispersion in
the form of micro-bubbles: inclusion of atmospheric air
by mechanical foaming (or injection of a gas stream) or
gas release in situ [8, 9]. In the case of gas release in situ,
the foaming agents disintegrate under the action of heat or
a chemical reaction with the formation of gas micropores
inside the ceramic nanosuspension. To stabilize the gas
nanobubbles formed in the suspension, the surface ten-
sion of the gas-liquid interface must be reduced, so in
most cases, surfactants are added.

Nanostructured foam ceramics for construction pur-
poses are also made by the replica method [10—12] (du-
plication): a three-dimensional mesh precursor based on
polyurethane foam or other suitable macromolecules with
open pores is immersed in a ceramic suspension. Then
the excess suspension is removed, the organic components
are pyrolyzed, then the porous nanoceramics is sintered
to achieve the necessary mechanical strength. Porous
building ceramics are obtained at a fairly low cost on the
basis of available local clay raw materials, and for the for-
mation of pores, sawdust, peat, straw, polystyrene foam
granules, carbon waste, fuel slag, etc. are most often used
as burnout additives.

Ceramic foam is a metastable dispersion, so it is im-
portant to “fix” the macrostructure of the foam in order
to preserve the cellular nanostructure during the further
heating procedure. Low-temperature foaming [13], as
well as modified sol-gel methods are used to consolidate
ceramic foams without any other nanoadditives. The mi-
crostructure of nanostructured foam ceramics is a solid-
phase building material filled with micropores of gaseous
air. A sharp decrease in bending strength and an increase
in the water permeability of foam ceramics for building
purposes is interpreted by an increase in the number of
open micropores.

The main raw materials for the production of building
foam ceramics are mineral raw materials — clays, diato-
mites, siliceous minerals, alkaline geopolymers, zeolite
rocks and the like, as well as slag waste, river silt, ceramic
waste, shale, etc. As a result of physical and chemical
transformations in the production process, including fir-
ing, the necessary number of evenly closed micropores is
formed, rhythmically distributed throughout the entire
volume of the building material.

To date, the possibility of technological production
of innovative foam-ceramic building products based on
low-melting clays, which allow forming a stable foam
structure, intensifying the process of defect-free drying
and subsequent sintering, has been theoretically substan-
tiated and experimentally confirmed. For multi-tonnage
production and use of nanostructured foam ceramics for
construction purposes, it is necessary to take into account
the influence of the component composition of foam
ceramic masses on the physical and technical properties
of products [14], as well as the optimal parameters of the
preparation of raw materials, porization of the ceramic
mass by foaming, which is implemented at existing en-
terprises, drying and technological firing.

The technology of production of nanostructured
construction foam ceramics at a relatively low cost in-
cludes the preparation of clay raw materials, intensive
mixing with dispersing components (Fig. 1) and foam-
ing agents.

A more uniform volume distribution of micropores in
the foam-ceramic dispersion after the addition of foaming
agents (frothers) contributes to the formation of a cellular
ultramicrostructure of construction nanostructured foam
ceramics. The preferential use of cheap local raw materi-
als and artificial waste [15, 16] in the technological cycle
can significantly reduce the cost of nanopenoceramic
building materials.

When manufacturing construction foam ceramics
with an average density below 1000 kg/m? using the tra-
ditional method of burn-out additives, many problems
arise in the technological cycle. The technology of foam
ceramics is being developed by foaming a clay suspension
stabilized with sodium pyrophosphate with a high-speed
mixer of a slip mass. Enhanced mechanical activation [17]
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Fig. 1. Technological scheme of traditional production
of building nanostructured foam ceramics

of aqueous clay suspensions in the presence of diluting
nanoadditives-electrolytes allows achieving homogeneity
of ceramic foam. The use of electrolyte additives, for ex-
ample, aqueous solutions of sodium silicates, significantly
reduces the viscosity of the clay slip, thereby optimizing
the porization of the ceramic mass.

The introduction of a highly dispersed mineral pow-
der into the ceramic foam, which is wetted with the lig-
uid phase, leads to the formation of a three-phase foam
mass during mixing. Then the resulting ceramic foam is
formed, dried and subjected to heat treatment; when the
ceramic foam is dried, liquid-phase water evaporates and
a nanostructured foam ceramic is formed [18]. For hard-
ening of foam-ceramic building materials, adjustable fir-
ing is used, during which decomposition (transformation
of dispersing nanoadditives) and sintering occur. It should
be noted that in real conditions of large-capacity produc-
tion, obtaining nanoporous ceramics, which simultane-
ously combines lightness, thermal insulation properties
and high strength, is fraught with difficulties.

Along with the average density of nanostructured
foam ceramics, the determination of the compressive
strength, thermal conductivity and water absorption are
the determining parameters of highly porous ceramics for
construction purposes. In nanostructured foam ceramics,
heat transfer is determined by the thermal conductivity,
which consists of the thermal conductivity of a ceramic
building material, as well as by heat transfer in micropores
[19]. It should be noted that the thermal conductivity of
porous ceramics (acrogel) is influenced by the characteris-
tics of the air filling the pores; humidity and the diameter
of the micropores.

Among the innovative building materials, there is
an without firing aluminosilicate foam ceramic, which
has a foam-cell nanostructure (density 230—550 kg/m?),
which gives it some advantages compared to other ana-
logues in terms of water resistance and operating tem-
perature up to 1200°C. The author [20] has developed an
energy-and resource-saving non-burning technology for
manufacturing foam-ceramic materials, the advantages of
which are lightness, low thermal conductivity, sufficient
constructional strength.

Micrographs of nanostructured foam ceramics were
obtained using a JEOL JSM-6610LV scanning elec-
tron microscope [21] by scanning surface layers with a
resolution of 3—4 nm. The ITP-MG4 “100” device was
used to determine the thermal conductivity coefficient
of foam-ceramic samples. The principle of operation of
the ITP-MG#4 device is based on the creation of a station-
ary heat flow passing through a foam-ceramic sample,
measuring the thickness of the sample, the density of
the heat flow and temperature. The range of thermal
conductivity measurement by the thermal probe method
was 0.03—1 W/(m«°C), the limit of the relative error in
determining the thermal conductivity coefficient was 7.

RESULTS

Figure 2 shows the microstructure of the cut surface
of a sample of nanostructured foam ceramics for con-
struction purposes, which were obtained by foaming
low-melting clay. The micrograph clearly shows isolated
micropores of foam ceramics with a diameter of up to
120 microns, and the wall thickness varies from 1.8 mic-
rons to 6.3 microns.

Refractory foam ceramics with an operating tempera-
ture of at least 1580°C are often used as the lining of high-
temperature furnaces for firing porous building nanoc-
eramics. The production of glass-crystal nanostructured
foam ceramics for construction purposes is based on the
use of 50—88 wt.% of pyrophyllite [22] (Kul-Yurt-Tau
deposits), 11—49 wt.% of low-melting clays (Alekseevs-
koye deposit of the Republic of Bashkortostan) and gas-
forming nanoadditives — 0.5—1 wt. % titanium carbide.

The manufacture line for the production of heat-
insulating building materials from glass-crystalline foam
ceramics [23] is organized by the method of foaming dur-
ing firing of an amorphous-crystalline matrix with the
formation of a cellular microstructure of inorganic foam,
in which almost all ultramicropores are isolated from each
other. The porous structure of foam ceramics was created
using an energy-efficient technology of low-temperature
120—150°C foaming of porous ceramic masses during
gas release.

A comparative analysis of the main types of porous
heat-resistant materials was carried out in [24] on: high
temperature struggle, refractoriness, heat resistance.
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Fig. 2. Micrograph of the surface of the foam ceramic saw (a); with an increase for measuring the thickness
of solid-phase walls (b)

A comparison of various compositions with the highest
thermal stability and fire resistance made it possible to
select objects based on aluminum oxides and silicon ox-
ide that are most suitable for creating appropriate porous
heat-resistant inorganic composite materials.

The main technological characteristics of highly po-
rous foam ceramics are porosity, pore size distribution,
and specific surface area. Glass-crystal foam ceramics
for construction purposes had the following physical and
technical characteristics: compressive strength-at least
3.5 MPa; heat resistance (200°C) at least 50 cycles; use
temperature from —45 to +60°C; density 350—600 kg/m?;
low thermal conductivity (0.12—0.14 W / (m«°C). A non-
ignition technology for the production of nanopenoc-
eramic materials for construction purposes using phos-
phate binders [25] based on clay local raw materials has
been developed. The compressive strength of the obtained
nanostructured construction products with an average
density of 450—850 kg/m? is 3—8 M Pa, thermal conduc-
tivity is 0.12—0.15 W/(m«°C), frost resistance is at least
50 cycles.

In 2014-2015, the workers of the Department of
“Building Constructions” of the Architectural and Building
Institute of the Ufa State Petroleum Technical University,
together with the Bashkir State University, completed the
demanded work on the project of the Fund for Infrastruc-
ture and Educational Programs of “RUSNANO”. A pro-
fessional development program was developed in the field
of advance and production of highly porous nanostructured
foam ceramics for building purposes [26]. The creation of
educational programs for advanced training of specialists
in the field of using nanostructured foam-ceramic products
for construction purposes is designed to form the profes-
sional competencies of process engineers [27, 28].

The process of forming the competencies of technolo-
gists of production and application of nanopenoceramics

at different stages of training is correctly described within
the framework of the fractal concept of structure forma-
tion and hardening of accepted composite building mate-
rials [29]. Nodes are allocated in the hierarchical structure
of educational programs for advanced training, and the
branched fractal university system acts as a central link
of advanced training of technologists of the production
of nanostructured foam ceramics.

For the implementation of national projects of the
Russian Federation, an educational program for retrain-
ing and advanced training of engineering specialists in
the field of production of nanostructured foam-ceramic
products for building purposes has been created. The
educational program is designed to provide the regional
construction industry with in-demand technologists for
the production and use of nanopenoceramic products
that replace the import of foreign analogues.

The program of retraining and advanced training of
engineers of the production of nanostructured foam-
ceramic building products contains three professional
modules and one interdisciplinary course that is manda-
tory for all target groups. The curriculum for advanced
training and retraining of qualifications provides for the
implementation of the final certification work with testing
in production conditions. The educational program (ta-
ble 1) it is intended to provide the personnel potential of
competitive, high-tech, domestic production of products
made of highly porous nanostructured multifunctional
building foam ceramics.

DISCUSSION

Among the innovative building thermal insulation
materials, it is necessary to separately highlight the non-
fired aluminosilicate nanostructured foam ceramics. This
sintered innovative material based on available clays has a
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Table 1

Educational results of the advanced training program for technologists in the field of development and production of highly

porous nanostructured foam ceramics for building purposes

Formulation of educational outcome

Structural unit

Types of foam ceramics. Technology for the production of
nanostructured foam ceramics. Equipment. Occupational
health and safety.

Interdisciplinary course. Nanostructured foam ceramics
for building purposes. Internship.

Advance of technology for the production of materials and
products from nanostructured foam ceramics.

Methods for the advance of materials and products from
nanostructured construction foam ceramics.

Recommendations for the use of materials and products
from nanostructured building foam ceramics.

Physical and mechanical characteristics of nanostructured
foamed ceramics for building purposes.

Preparation of technical specifications for the design of
equipment, tools and devices provided by the technology.

Practice in a model situation and industrial approbation
practice at the plant.

Control over the quality of the technological process for
the production of building materials and products from
nanostructured foam ceramics.

Quality control of the production process of large-capac-
ity foam ceramics for building purposes.

foam-cellular nanostructure, which gives it some physical
and mechanical advantages over other analogues. The
ultramicrostructure of non-fired construction foam ce-
ramics consists of air microbubbles, which are surrounded
by thin shells of a glass-crystalline metastable framework
of solid-phase mullite.

Physicochemical reactions [30] of the formation of
a ceramic foam material occurs on the basis of liquid
foams and highly dispersed mineral powders: the disper-
sion medium in them is a liquid-phase nanosuspension,
and the dispersion phase is a gas in the form of micro-
bubbles, which are separated from each other by films of
an aqueous film. In large-scale technological production,
foam mass (three-phase foam) can be obtained by mix-
ing nanostructured foam with a highly dispersed mineral
powder. In the production process, solid clay micropar-
ticles are distributed in liquid-phase films, and ultrami-
crobubbles are surrounded by two-phase shells.

Then comes the next stage of creating foam ceramics
in construction — drying: the liquid phase evaporates from
the foam mass, as a result of which a solid (two-phase)
foam is formed. As a result of sintering, a dried foam
mass with the required mechanical strength is obtained,
due to the crystalline bond of solid-phase mullite, which
forms a foam-cellular framework between the amorphous
components of the foam ceramics. The silica airgel has
a stochastic fractal [31] nanostructure based on cluster
microparticles 15—200 nm in size, aggregated by strong
covalent bonds.

To make construction foam ceramics more durable,
trivial firing is used, leading to pyrolysis (decomposition)
of organic components, that is, liquid foam stabilizers.
In the course of heat treatment, nanostructured foam
ceramics are sintered while maintaining micropores.
It should be noted that the ratio between the solid and

gas phases and the size of micropores in nanostructured
foamed ceramics for building purposes can vary within
wide limits.

Phosphate compositions, which are used as non-an-
nealing binders [32] of porous ceramics, show the ability
inherent in geopolymer inorganic [33] macromolecular
nanostructures-when heated, they exhibit the property of
plastic flow. During the heat treatment, the amorphous
phase of colloidal phosphate nanocompositions moistens
the surface of the mullite filler particles, thereby deter-
mining the adhesive characteristics. The heat transfer of
nanostructured foam ceramics is caused by the thermal
conductivity of solid-phase porous ceramics of the build-
ing material and gas permeability due to the multifractal
diffusion [34] of the walls of micropores.

Therefore, it is possible to achieve the necessary tech-
nological characteristics when clay minerals are based
on the industrial technology of nanostructured foam
ceramics, by changing the ratio of phases (solid, liquid
and gaseous) in the foam mass and regulating the phase
composition. It should also be noted that the walls of mi-
cropores (Fig. 3) and the nodal joints of nanostructured
foam ceramics are solid-phase and completely dense, and
this provides high mechanical strength, hydrophobicity
and chemical resistance.

Porous nanoceramics are characterized by relatively
high compressive strength and low bending strength, good
heat and sound insulation, air and vapor permeability,
low water absorption compared to light concretes (how-
ever, waterproofing and a facing layer are recommended),
high frost resistance, incombustibility, biostability, low
nailability, environmental friendliness, average gecometry
accuracy and mechanical processing ability. For exam-
ple, the developed nanostructured foam-ceramic kerpen
[35] with a density of 300 kg/m? has a frost resistance of
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Fig. 3. Microstructure of porous nanostructured ceramics (a); with an increase in nodal joints (b)
(1 — nodal joints; 2 — walls)

more than 25 cycles, a compressive strength of 3—4 MPa,
a thermal conductivity of 0.15—0.2 W / (m «°C).

Currently, nanostructured foam ceramics for building
purposes are used as a facade finishing material, heat-
protective wall panel, etc. The thermal conductivity of
construction foam ceramics depends on its density, com-
position, type and size of pores and it increases sharply
with increasing humidity. The vapor permeability of
nanopenoceramics is not regulated by the current state
standards and technical conditions; however, in some
cases, it affects the durability of building structures: low
permeability to water vapor of heat-insulating building
materials can cause the formation of condensate.

The use of nanostructured foam ceramics in build-
ing provides the required heat and sound insulation, fire
protection of interstory floors without increasing the load
on the building's enclosing structures. One of the ways
to eliminate the emerging disadvantages of porous ce-
ramics — a decrease in strength and an increase in water
absorption under uncontrolled conditions of large-scale
production is liquid-phase sintering with the formation
of a glaze layer on the surface of products (translates most
of the open pores into closed ones). Due to the use of
nano-additives that increase the corrosion resistance of
multifunctional nanocomposite building materials [36],
a glass-crystalline (partially amorphous) high-strength
solid phase is formed during firing.

The technological flaw of a nanostructured foam-
ceramic product for building purposes — fragility can be
overcome by reinforcement. The production of wall and
heat-insulating ceramic products without firing, despite

their high thermal protection properties, has not received
proper distribution. The reason is the lack of a theoreti-
cal justification for the nano-porization of the ceramic
mass, the developed technology and appropriate equip-
ment, and competent personnel. The energy efficiency
of buildings and structures within the framework of the
concept of sustainable development becomes the main
parameter determining the consumer value of a heated
construction object. For the implementation of the tasks
of national projects of Russia, the economic efficiency
due to reducing the density of wall foam ceramics from

1600—1800 kg/m? to 90—1100 kg/m? of enclosing struc-

tures is characterized by the following figures according

to various data:

— fuel consumption in the production of nanostructured
foam ceramic products for building purposes can be
reduced by 20%, and the material consumption of the
production of highly porous foam ceramics is reduced
by 1.5 times;

— due to innovative technologies, the energy costs for the
construction of 1 m2 of an external wall are reduced
by 1.8 times;

— the heat transfer resistance of buildings and structures
increases, depending on the thickness of enclosing
structures adopted in the region, etc.

Evaluating the properties of nanostructured foam
ceramics, we can expect that its use can be especially
effective as a wall material in the construction of mono-
lithic houses. At the same time, the efficiency of using
foam-aluminum-silicate ceramic blocks in the walls of
monolithic houses will primarily be provided by saving
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Fig. 4. Foam-ceramic building blocks

building materials due to the best thermal characteristics
of nanopenoceramics, and its lower density with a suffi-
ciently high strength. Resource-saving use of cheap local
low-melting clays, industrial waste (secondary concrete,
cullet, blast furnace slags, etc.) [37, 38] can reduce the
energy consumption of large-scale production of highly
porous building foam ceramics (Fig. 4).

The wider industrial use of nanostructured foam
ceramics in the building industry provides the neces-
sary sound and thermal insulation, fire protection of
floor-to-floor ceilings without increasing the load on
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